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Abstract

This paper is part of a work devoted to corrosibhrazed AA4343/AA3003/AA4343
materials on water side of automotive heater cdres.microstructure of the superficial
resolidified AA4343 brazing material has been prasly characterised [Hnd [2] It is
composed of large (Al) grains separated by valteygaining multiphase deposits of (Al), Si
ando-Al(Mn,Fe)Si. The present study focuses on itstebehemical behaviours in neutral
water—ethylene glycol mixtures at different temperas with and without chloride ions.
Three types of behaviour are revealed: (i) passinaii) defective passivation and (iii)
pitting corrosion at the corrosion potential. Thedattive passivation is investigated in greater
depth. The results show that Si needles do noicjgeate in the corrosion progress whereas
thea-Al(Mn,Fe)Si particles are preferential sites forrosion attacksu-Al(Mn,Fe)Si
particle/matrix interactions are responsible ofdeéective passivation at valleys level where
thea-Al(Mn,Fe)Si phase particles are mainly concenttabecreasing the temperature
enhances this reactivity whereas addition of etig/lglycol decreases it and favours a
transition from defective passivation to passivafior ethylene glycol content higher than
55%.
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1. Introduction

Aluminium is a light metal which presents interegtproperties for heat exchanger
applications (low density, good thermal conducyivétatisfactory mechanical properties and
relatively good corrosion resistance). Since thedbei of the 1990s, the trend with automotive
heat exchangers has been to replace mechanicalldgdsy brazing of aluminium alloys.
Most of the brazed aluminium sheets consist of islyer materials composed of a 3XXX

core alloy clad on one or both sides with a 4XXkwl

In this study, the parts to be brazed were compof@d\4343/AA3003/AA4343 sandwich
sheets where AA3003s an Al-Mn base alloy and AA4343 an Al-Si badeyalThe brazing
process is based on the difference in the meltoigte between the two alloys. A gap of
about 30 °C exists between the liquidus of theditagiand the solidus of the core material.
During the brazing process, the parts to be asszh#e heated for a short duration at a
temperature between the melting temperatures distballoys. To favour the wettability of
the melted cladding at the surface of the mateatolok® fluxing [3] is used to remove the

natural oxide layer covering the aluminium alloys.

Brazing modifies the geometry and the microstrietfrthe cladding as well as the
microstructure of the core [1I2], [3], [4], [5], [6], [7], [8], [9], [10] and [11] In previous
studies [1]and_[2] a synthesis of solidification and phase trans&droms occurring during
brazing was presented with particular attention paiphase identification. Resolidification
of AA4343 leads to the formation of both brazeafsiat the contact points between the
different parts and of a residual thin layer ofddeng covering the flat surfaces of the parts
away from the brazing joints. Multiphase depositéAd), a-Al(Fe,Mn)Si and Si were
observed in these areas. After this previouslyipbbt microstructural study, the aim of the
present paper was to investigate the corrosionviainaof the residual cladding in water—
ethylene glycol (EG) mixtures since water and E&the main components of the coolants

used in automotive cooling loop.



Several studies have been devoted to the corrbgibaviour of brazed Al-Si base
alloys. In studies devoted to the air-side cornesensitivity of these materials, Scott et al.
[12] and Isobe et al. [13jonsidered that noble Si needles had a detrimeffeadt on the
corrosion resistance of the residual cladding. tS#al. [12]studied the corrosion behaviour
of these materials with sea water acetic acid(®8&fAAT); whereas, Isobe et al. [18%ed
copper accelerated salt spray (CASS) and aceticsadi spray (AASS) tests. They observed

that Si needles acted as active cathodes whilsutteunding aluminium dissolved.

Al-Si alloys were also studied for other technatagjapplications. In acidic or neutral
solutions, it has been shown that Si particlesdichave a detrimental effect on the corrosion
resistance of aluminium alloys [14hd_[15] Some papers devoted to the corrosion of brazed
aluminium heat exchangers [1&hd [17]also agree with this point stating that the caithod
reaction mentioned by Scott et al. [H2]d Isobe et al. [13]id not occur on Si needles.

Kuroda and Tohma [1&Ind Meijers [17Hetermined that the oxygen reduction current
density on silicon is too low to anodically pol&isluminium. From their point of view, the
corrosion susceptibility of the residual claddingg@s from a higher sensitivity to pitting of
the eutectic (Al) in solutions containing chloridénis has been explained by a lower pitting

potential for eutectic (Al) than for the primarylfA

Few papers have discussed the role ofitidd(Fe,Mn)Si phase precipitates on the
corrosion resistance of the residual cladding. ésetbal. [13]Jconsidered that large Al-Mn—
Fe—Si intermetallic compounds had a cathodic beasimilar to that of Si needles. In an
electrochemical study dedicated to the behavioawhinium-based intermetallics
containing iron, Nisangioglu [18jtudied the electrochemical behaviounoAl(Fe,Mn)Si
particles isolated from their (Al) matrix. When teé\l(Fe,Mn)Si phase particles were
immersed in 0.1 M NaOH solution, Fe, Mn and Si@mment of the surface of the particle
was observed. Due to the evolution of the chentioaiposition of their surface, Nisangitglu
estimated that the particles tended to passivateabecome cathodic sites. However,
Nisancitglu and Lunder [1§jostulated that silica enrichment of the surfageiicantly
reduced the rate of the cathodic reaction on thasicles. They emphasised the complexity
of the phenomena occurring in the presence of roaliponent intermetallics and did not
evoke the influence of possible particle/matrixenatctions on the reactivity observed for the
a-Al(Fe,Mn)Si phase particles. The ambiguity of behaviour of Si reported in the literature

demonstrates the need to clarify the role of bo#n8a-Al(Fe,Mn)Si heterogeneities on the



corrosion behaviour of the residual cladding. Duéhe context of the study, it is also
necessary to take into account the influence adrpaters related to cooling liquids such as
ethylene glycol content, temperature and additfochéoride ions. In the present work,
electrochemical measurements (plots of potentioaym@olarisation curves) were combined
with microscope observations of the metal surfapi¢al microscope (OM) and scanning
electron microscope (SEM)). In addition, phasetstgfinterferometric microscope (PSIM)
observations were performed to study the reactfitthe intermetallic particles and
secondary ion mass spectroscopy (SIMS) analyses eeeried out to determine the nature of

the corrosion products observed aroundoifd(Fe,Mn)Si particles.

2. Experimental

The brazed material studied was from heater cdresturhe average composition of
the core alloy (AA300% and of the cladding (AA4343) before brazing igegi in Table 1
The microstructural modifications occurring in #deminium alloys during brazing has been

investigated previously [1dnd_[2] Fig. 1and_Fig. 2ecall the microstructure of the brazed

material and more particularly that of the residtlatiding._Fig. Ishows an optical
micrograph of a section of a brazed part afterietctvith Keller's reagent. The core material
(AA3003) is on the left of the micrograph. A “band of demsecipitates” (BDP) resulting
from the diffusion of silicon from the melted cladg into the core appears in grey contrast.
In this area, Si enrichment induces solid stateipitation of thea-Al(Fe,Mn)Si phase. The
thin white film (5—10um) observed on the right of the micrograph is #sdual resolidified
Al-Si cladding. Fig. 2resents SEM observations of the surface of thidual cladding.

Large (Al) grains separated by valleys containingtiphase deposits of (Al), Si and
Al(Fe,Mn)Si are observed (Fig(&). a-Al(Fe,Mn)Si plate-like precipitates are also olveer
on the surface embedded within the (Al) grains.(E{g)). The average area of residual
cladding covered by-Al(Fe,Mn)Si particles is between 1 and 2% of thialtsurface area.
For the electrochemical measurements, the brazsst shmple was electrically connected by
soldering a copper wire. The assembly obtainedheaembedded in a phenolic resin. Then,
the residual cladding electrode obtained was ckbarth a piece of felt and immersed in an
ultrasonic bath containing water to remove thecesii NocoloR salts. A varnish was finally
applied at the border of the electrode to prevamémous corrosion at the electrode/resin
interface.

Table 1.



Chemical composition (wt.%) of aluminium alloys bedf brazing

Si Mn |Fe | Cu | Zn |Al

AA300F 0.08 1.10 0.16 | 0.19| 0.1 | Bal.

AA4343 7.86|0.01 0.09| 0.11| 0.09 | Bal.

# Modified AA3003.

Fig. 1. Optical microscope observation of a sectibthe brazed material (after a 60 s Keller's

etching).
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Fig. 2. Scanning electron microscope observatidmiseosurface of the resolidified cladding
showing (a) the microstructure in the valleys bemvéhe (Al) grains (15 kV, Wd = 19 mm)
and (b) the plate-like particles @fAl(Fe,Mn)Si phase embedded in the (Al) grains K¥5
Wd = 19 mm, tilt 45°).

A three-electrode cell was used for the experimehesresidual cladding working

electrode, a platinum plate auxiliary electrode arséturated $SOJ/HQ,SO, reference
electrode (SSE). Electrochemical measurements pegfermed with an Autolab PGSTAT12
apparatus. Each experiment began with immersidheofesidual cladding electrode at open
circuit potential (OCP) for 1 h followed by polatgon from —1.5 to —0.2 V/SSE at a
potential sweep rate of 1 V/h. Potentiodynamic ps¢dion curves were first obtained in

0.1 M NaSQO, solutions open to air. Sodium sulphate was chus@rcrease the conductivity
of the solution and for its low corrosiveness tadvaluminium alloys. Experiments were
performed at different temperatures (10, 50 an8®dn different 0.1 M NgSO, water—
ethylene glycol (EG) mixtures (0, 30, 60 and 8®AEG). Then, similar measurements were
carried outin 0.1 M N&O, + 0.01 M NaCl solutions to simulate the possibkeaduction of
chloride ions in the cooling loop. Concerning theperties of the solutions, the conductivity
was close to 10 mS cfhwhereas the pH of the 0.1 M )0, solutions linearly varied in the
range of 5.8 for 0 wt.% EG to 7 for 80 wt.% EG. $aealues of pH, included in the
passivation domain of pure aluminium [28}e representative of the values encountered in

the coolants.



To understand the corrosion mechanisms, complemyeglctrochemical
measurements are required, particularly ortidé(Fe,Mn)Si phase particles separated from
their matrix. The method envisaged in the presenlyslargely drew its inspiration from the
work of Nisanc¢itglu [18]In the study devoted to the electrochemical bieha\of
aluminium-base intermetallics containing iron, Miséglu presented a protocol to prepare
electrodes ofi-Al(Fe,Mn)Si phase from a cast alloy containingl(Fe,Mn)Si phase particles
embedded in an aluminium matrix. From a polishetbase, he dissolved the matrix by
immersing the specimen in 0.5 M NaOH solution. Triiermetallics were slightly attacked at
the outset but they rapidly formed dark passival@ygrs which prevented further dissolution.
When the aluminium matrix had been sufficientlyaekied, the surface was recast in epoxy
and polished through 0.@8n alumina. He obtained active electrode areas3:{005 cr. In
the present work, the protocol applied was exabtlysame. The electrode obtained was a
little different from that obtained by Nisancioglue to the small surface of the
Al(Fe,Mn)Si phase particles and the presence gbsilneedles in the residual cladding. As
silicon does not dissolve in the 0.5 M NaOH solutisome silicon needles remained on the
working electrode. Their presence should have létfect on the measurements due to their
low conductivity which limits their contribution tive current density measured. The low
proportion and the small size of the precipitaties-8l(Fe,Mn)Si phase in the residual
cladding yielded a very small working area, aba@tréinf as measured with an image
analysis software. Polarisation curves and longrtepen circuit potential measurements

obtained for the specimens were compared to resbttsned for pure aluminium.

The surface of the residual cladding was examiregdrb and after immersion in the
solutions by optical microscopy (OM) and scannileg®on microscopy (SEM) using a LEO
435 VP apparatus.

Phase shifting interferometric microscopy (PSIMpswised to study the evolution of
the profiles of the surface around the heterogmsedf the material. This technique is based
on classical interferometry with the particulatityat four images were acquired for the same
surface by varying the distance between the saarmehe interferometric objective
(4 = A/4). Each image was recorded with a CCD camerastordd on a hard disk. Data
processing consisted of determining the heighacheointh(x,y) on the image knowing the
four intensities measured with four different optipath lengths. The vertical resolution is

approximately 1 nm. The lateral resolution is thizad conventional objective around Qudh.



For PSIM experiments, samples need to be mirrasipedl (alumina grain size 0.25). 3D
profiles were plotted before and after 90 min ofersion in deionised water without any

additives (pH 5.7) at room temperature.

Secondary ion mass spectroscopy (SIMS) analyses pegformed to study the
chemical nature of the corrosion products depositednd thei-Al(Fe,Mn)Si phase particles
after a few hours of immersion in deionised waMS maps were acquired on a Cameca
IMS 4F/6F apparatus. The samples were sputteredvandow of 50Qum x 500um using
O* ions as primary beam with a current of 200 nA. Trraps were obtained for areas of
150um x 150um using a 50 pA & ions beam. Four signals were collected during the
analysis: 27 Al, 28 Si, 55 Mn and 56 Fe. High-raoh mode was used to avoid interference

between the different signals.

3. Results and discussion

The electrochemical measurements presented isebifon suggest a form of defective
passivation that is caused by heterogeneitiesimltiiminium matrix. The global
electrochemical measurements were supported bgfus&roscopic techniques to explore

the reactivity of individual particles.

3.1. Electrochemical measurements

The polarisation curves for the residual claddm@.i. M NaSQO, are presented in Fig. Big.
3(a) presents the curves plotted without EG foreatieanperatures and Figb3 shows the
results obtained at 90 °C in various water—EG meguThe curves obtained without EG (Fig.
3(a)) show a slight evolution of the cathodic cutréensities when the temperature increases.
The plateau observed is attributed to oxygen réalueind the current densities are between
3 x 10°and 3 x 10 A cm™. Concerning the anodic branch, a progressive aseref the
current density with potential is observed. Thidicates that passivation of the residual
cladding is not obtained in a 0.1 M #80, aqueous solution whatever the temperature in the
range 10-90 °C. The anodic curves obtained fottthee temperatures are parallel indicating
that the mechanism is independent of temperatire.ificrease of the temperature enhances
the rate of the process. This anodic behavioueithar passivation nor pitting corrosion. As
the increase of the current density with increagioggntial is small and the values reached
not very high, it is assumed that this behavioassociated with the presence of defective

sites in the passivation film covering the allopnSequently, this anodic behaviour is called



“defective passivation” for the remainder of thedst As a consequence of the cathodic and
anodic behaviour, the corrosion potent&lyf) is shifted in the cathodic direction when the
temperature increases. At 90 °C, when the EG cobirereases (Fig.(B)), a decrease of both
the cathodic and the anodic current densities seed. The cathodic current density is not
clearly explained due to the complex evolutionbath the oxygen solubility and the
viscosity in water—EG mixtures as a function of tlperature. The anodic curve tends
toward a plateau when the EG content becomes highar60%. This last anodic behaviour
indicates the surface passivation of the residiaalding. Consequently, the addition of
ethylene glycol seems to favour a transition fraefedtive passivation to passivation for the
residual cladding. As an opposite effect of thegerature increase, the EG content increase
shifts Ecorr in the anodic direction.

Fig. 3. Polarisation curves for the residual claddplotted in aerated 0.1 M P8O, solutions
(a) without EG for three temperatures) (0 °C, ) 50 °C and ¢) 90 °C and (b) in different
water—EG mixtures at 90 °Ce) 0% EG, (1) 30% EG, &) 60% EG, ¢) 80% EG.
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The polarisation curves plotted in 0.1 MJS&, + 0.01 M NacCl solutions are
presented in Fig..4ig. 4a) presents the curves obtained without EG faghemperatures
whereas Fig. @) shows the curves plotted at 90 °C in diffensater—EG mixtures. The
addition of 0.01 M of chloride ions (Fig(a) and (b)) does not change the cathodic current
densities by comparison with those measured itMONa,SO, solution. AlthoughEcer is
shifted toward the cathodic potentials with chleratdition, its decrease with temperature
increase and with EG content decrease is simildrabobserved without chlorides (Figda}
and (b)). The first anodic domain betwd&g, and —0.95 V/SSE is similar to that obtained
without chloride (passivation or defective passoa), but at potentials higher than
-0.95 V/SSE, the curves are extended by a strargase of the current density associated to
pitting. As a consequence, whEg, is close to —0.95 V/SSE, such as for water atQ.0r
80% EG mixture at 90 °C, pitting potential and osion potential are superimposed. These
results show that the presence of chloride cancedun additional electrochemical behaviour,
i.e. pitting corrosion, for the residual claddinggyg,, in specific conditions. It is interesting to
note that pitting corrosion occurs at the corrogiotential when chloride ions are added to
the solution in experimental conditions where thaarial presents the best corrosion
resistance in 0.1 M N8O, solution without chlorides (low temperature andimh EG

content).



Fig. 4. Polarisation curves for the residual claddilotted in aerated 0.1 M
NaSO, + 0.01 M NaCl solutions (a) without EG for threenperaturess) 10 °C, ) 50 °C
and @) 90 °C and (b) in different water—EG mixtures at°’€: (#) 0% EG, @) 30% EG, &)
60% EG, ¢) 80% EG.
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The particular cases where pitting potential andoston potential are the same on the
polarisation curves were analysed by OM observataiter 150 h of immersion. A few large
pits were observed on the sample immersed at 10 Water containing 0.1 M
NaSO, + 0.01 M NaCl. Conversely, many small pits wereeaslied in the valleys on the
sample immersed at 90 °C in the 80% EG solutiortainimg 0.1 M NaSQO, + 0.01 M NaCl.
These results confirm the susceptibility of thedeal cladding to pitting corrosion when it is
immersed in these particular conditions since t®ere observed in the other conditions.
However, the differences observed concerning tinsitieand the size of the pits requires

further investigations. The study was rather foduse the defective passivation behaviour



encountered in many conditions and with the tréorsirom passivation to defective
passivation. However, it would also be interestmdetermine whether the initiation sites of
the pits correspond to weak points inducing thesiteon from passivation to defective

passivation.

Among the three electrochemical behaviours evidemhaethe residual cladding at
E.om i.€. passivation, defective passivation and pitting, dasons for the defective
passivation observed in many cases are investigatg@ater depth. For comparison, the
polarisation curves of pure aluminium were ploitedifferent 0.1 M NaSO, water—-EG
mixtures with and without 0.01 M NacCl at differaamperatures. Two examples are
presented in Fig. tor EG-free solutions. It is clear that passivati® obtained aEo for
pure aluminium with and without chlorides. Since thain difference between pure Al and
the residual cladding is the presence of Si neatidsf particles odi-Al(Fe,Mn)Si phase,

the defective passivation can arise from the p@sefthese heterogeneities.

Fig. 5. Polarisation curves for pure aluminium fgdtat 30 °C in aerated EG-free solutions
containing 0.1 M Nz50, (m) and 0.1 M NgSQO, + 0.01 M NaCl £).
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3.2. Phase shifting interferometric microscopy

PSIM was used to clarify the role of heterogengitia the local electrochemical behaviour.
Electrochemical measurements showed that the defqmssivation was favoured when EG
content was low in the mixture. Thus, immersiongegere performed in deionised water
without any additives (pH 5.7) at room temperatéiig. 6 presents 3D profiles of polished
areas containing Si needles (Figp)pand (b)) and a-Al(Fe,Mn)Si phase particle (Fig(®

and (d)) before and after immersion. Due to thesater hardness by comparison with the
(Al) matrix, silicon needles and theAl(Fe,Mn)Si particle appear in relief on the ptes§,

just after polishing. Comparison of the profilestod sample containing Si needles before and
after immersion _(Fig. @) and (b)) did not reveal significant modificatsoof the surface,
independently of the hold time in water. This sigjgehat the defective passivation of the
residual cladding is not linked to the presencthefSi needles. The trend of the profiles
obtained around-Al(Fe,Mn)Si particle (Fig. &) and (d)) is strongly modified by immersion.
The dissolution of the precipitate and of the sumaing (Al) matrix is observed after
immersion (Fig. €d)). These observations show that the defectae stf the passivation
probably arises from a reactivity of theAl(Fe,Mn)Si particles or between the

Al(Fe,Mn)Si particles and the (Al) matrix.



Fig. 6. 3D PSIM profiles of areas containing Sidies (a and b) andeAl(Fe,Mn)Si phase
particle (c and d) before immersion (a and c), afitek 90 min of immersion in deionised

water at room temperature (b and d).
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3.3. Particles/matrix interactions

OM and SEM observations of the residual claddingevwerformed after various exposure
times in deionised water to follow the initiatiohamrrosion._Fig. presents three OM
observations of the surface of the residual clagibigfore and after short immersion durations
(1 and 3 h) and a SEM micrograph obtained aftengdr exposure time (150 h). During the
first hours (Fig. {b) and (c)), brown corrosion products (in greytloa micrographs) coming
from thea-Al(Fe,Mn)Si/Al interface deposit on the aluminiumatrix around the precipitate.



It is noteworthy that these corrosion products vedse observed after anodic polarisation in
the NaSQ, solution. For longer exposure time, this depositidcorrosion products is
followed by the corrosion of the aluminium matrixieh starts around theAl(Fe,Mn)Si
particle (Fig. 1c)). Finally, after 150 h (Fig.(d)), thea-Al(Fe,Mn)Si precipitate remains

little attacked whereas the surrounding aluminisrstiongly corroded. This last observation
may signify that an inversion of the polarity beémehea-Al(Fe,Mn)Si phase particles and
the surrounding aluminium matrix occurs after savbours of immersion in water. This
sequence of reactivity is representative of thetedehemical behaviour of most of the
particles. Previous metallurgical studies §hjd_[2]revealed variations of Fe and Mn content
of thea-Al(Fe,Mn)Si phase particles. However, the variatiod particles composition is small
when compared to the difference of composition betwparticles and the aluminium matrix.
Consequently, they exhibit comparable electrochahfiehaviour when they are embedded in

the aluminium matrix.

Fig. 7. Optical microscope (a—c) and scanning edeamicroscope (15 kV, Wd = 19 mm) (d)
observations showing the reactivity of té\l(Fe,Mn)Si particle/matrix couple after various
immersion durations in deionised water at room terare: (a) 0 h, (b) 1 h, (c) 3 h and (d)
150 h.
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Electrochemical measurements were performed oatesd-Al(Fe,Mn)Si particles in order

to clarify the inversion of polarity inferred fromicroscopy observation. The plot of the
anodic polarisation curves for theAl(Fe,Mn)Si particles at 30 °C in a 0.1 M &0,

agueous solution is presented in Figurftl compared with the curves obtained for pure
aluminium and for the residual cladding in the sameditions. The corrosion potential of the
a-Al(Fe,Mn)Si particles (—1.08 V/SSE) is lower thiaoth those of pure aluminium

(-0.88 V/SSE) and the residual cladding (—-0.95 \EBJ he anodic current densities are
about a hundred times higher for thé\l(Fe,Mn)Si particles than for the residual claugli

and about thousand times higher than for pure awmi. The ratio of about hundred between
the anodic current densities of the residual clagldind of thei-Al(Fe,Mn)Si particles is in
good agreement with the proportionosAl(Fe,Mn)Si precipitates in the residual cladding
(about 1% of the total surface area). Thus, theease of the current density with the
potential observed for the residual cladding caretegted to the reactivity of the

Al(Fe,Mn)Si particles. It is also noteworthy thihetcorrosion potential of the residual
cladding is between those of pure aluminium anthe#-Al(Fe,Mn)Si particles

corroborating the major influence of these two jgisasn the electrochemical behaviour of the

brazed material.

Fig. 8. Polarisation curves for pure aluminium), (residual claddinge)) and theu-

Al(Fe,Mn)Si phase particles) plotted in aerated 0.1 M MaO, aqueous solution at 30 °C.
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The oxidation state of theAl(Fe,Mn)Si particles at the corrosion potentiattoe
brazed material evidenced from the polarisationesipresented in Fig.i8 in good
agreement with the observations carried out affemahours of immersion in water.
Identification of the elements present in the braerrosion products deposited arounddhe
Al(Fe,Mn)Si phase particles during this first ste@s performed by SIMS. For this analysis,
the samples were brazed without Noc6lélkixing to avoid contamination of the surface by
elements such as K, F, Na, Ca and Fe. After Sspuittering, analyses were carried out on the
first atomic layers of the surface for both a freample and a sample immersed for 10 h in
deionised water at room temperature. Fighéws maps obtained for Al, Si, Mn and Fe.
Since the different elements do not react similelionic bombardment, the maps must be
compared element by element. The darker the arélaeomap, the lower the content of the
element in that area. It appears that the supafferyer of the immersed sample (Figb®
contains higher levels of Si, Mn and Fe than teetirone_(Fig. @)). After further sputtering
of 45 s (not shown), the analysis revealed a sirdiktribution of the elements for both
samples corroborating that the high Si, Mn anddfgents measured on the surface of the
immersed sample were due to the deposition of it corrosion products. This reveals
that the layer of brown corrosion products contaithshe alloying elements of the
Al(Fe,Mn)Si phase, probably under an oxidised foA®.a consequence, the first step of the
corrosion of the residual cladding is linked to tixédation of thex-Al(Fe,Mn)Si particles

particularly, at the particle/matrix interface.



Fig. 9. Secondary ion mass spectroscopy maps autiace of the residual cladding showing
the elements Al, Si, Mn and Fe in the first atotaigers of the surface for the freshly brazed

material (a) and for the sample immersed during ibdeionised water (b).

Although these experiments clarified the first stepthe corrosion mechanism, they did not
explain the inversion of polarity suggested byriieroscope observations after immersion in
deionised water. The influence of the immersioratian in water was investigated following
the open circuit potential as a function of immensiime for pure aluminium and for the
Al(Fe,Mn)Si particles respectively during 140 ariDh in aerated 0.1 M N8O, aqueous
solution at 30 °C. The results, presented in Riyctbnfirm the tendency drawn from the
polarisation curves with the stabilisation of tregmtial of then-Al(Fe,Mn)Si particles at a
lower value than that of pure aluminium, respedyivel.08 and —0.91 V/SSE. These results
suggest that the ageing of tie\l(Fe,Mn)Si particles and pure aluminium takenaegely in
sodium sulphate solution does not explain the charfigolarity assumed from the
observations after immersion. The particle/mambeiactions need to be considered to
understand the inversion of polarity. Considerimg polarisation curves (Fig),8t can be
observed that the-Al(Fe,Mn)Si particles are submitted to anodic aadtage when the

brazed material is &, That means that the electrochemical behaviotimeparticles



should evolve differently in the brazed materiainpared to when they are separated from the
aluminium matrix.

Fig. 10. Open circuit potential vs. immersion timeerated 0.1 M N&O, aqueous solution
at 30 °C for pure aluminiunmj and for thex-Al(Fe,Mn)Si phase particles}.
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In order to simulate the particle/matrix interan8accurring in the brazed material, attempts
at galvanic coupling between the electrode-#f(Fe,Mn)Si particles and a pure aluminium
electrode were carried out. The electrode-éi(Fe,Mn)Si particles was used as working
electrode in aerated 0.1 M MO, aqueous solution at 30 °C. Unfortunately, theltesu
showed very low reproducibility. At the beginnine o-Al(Fe,Mn)Si particles constituted

the anode. Then, sometimes the coupling currep¢dtanodic, sometimes it became cathodic
after a few minutes and sometimes the inversiguotdrity occurred after several hours.
These results suggest that the electrochemicavimhaof an intermetallic compound
embedded in a matrix can hardly be simulated bgssical coupling setting. The

modification of the surface occurring when corrosproducts deposit on the surface of the

material, the distribution of the electric fielddis in the real configuration and the local pH



variations are not reproduced when the physicatizabion between the (Al) matrix and
Al(Fe,Mn)Si particles does not exist. The quantraproof of the change of polarity
observed between theAl(Fe,Mn)Si phase particles and the (Al) matriolpably requires the
use of local techniques such as local electrocharmgpedance spectroscopy or scanning

electrochemical microscopy which may allow to studgitu the particle/matrix interactions.

It was shown in Fig. ®) that the EG content had a strong influenceheretectrochemical
behaviour of the residual cladding and more pdaity; that the defective passivation
became passivation for high EG contents in theratesef chloride ions. The addition of EG
on the reactivity of the-Al(Fe,Mn)Si particles was studied by OM observasignot shown)
of the residual cladding surface after 10 h of imsio in different water—EG mixtures (O,
25, 50, 55, 75 and 100% EG). Without EG, the ole@ms revealed features similar to those
obtained after 3 h of immersion (Figc)) with the presence of brown corrosion products
around the precipitates. With the increase of tBecBntent, the quantity of brown products
deposited around the precipitates decreased. FaB@nts equal to or higher than 55%,
brown corrosion products were no longer observéds hdicates that the dealloying of the
a-Al(Fe,Mn)Si phase particles observed in water-iater—EG mixtures does not occur in
EG-rich water—EG mixtures. TheAl(Fe,Mn)Si phase particles are not reactive sitebese
conditions and are not prone to oxidise or to bexoathodic sites. Finally, in these

conditions, both the (Al) matrix andAl(Fe,Mn)Si particles are passive.

4. Conclusions

The corrosion behaviour of the residual cladding waestigated by plotting the
polarisation curves in different neutral media esgentative of the cooling liquids. Three
types of electrochemical behaviour depending ore#perimental conditions were
evidenced: (i) passivation, (ii) defective passaatcharacterised by a slow increase of the
current densities with the potential and (iii) jpitt corrosion at the corrosion potential. In low
EG content mixtures and/or at high temperatured#fective passivation was often observed.
The results have shown that the Si needles doartitipate in this depassivation.
Conversely, reactivities occur at tieeAl(Mn,Fe)Si phase particles level. During theffirs

hours of immersion, the-Al(Mn,Fe)Si particles are the only ones to re®aposition of the



alloying elements Mn, Fe and Si occurs around #réigbes, probably in an oxidised state.
Then, the corrosion of the Al(Mn,Fe)Si particles stops whereas the surrougdil) matrix
dissolves. The presence of EG decreases the rigactithe a-Al(Mn,Fe)Si particles to such
an extent that it is stopped for EG content highan 55% (passivation plateaus on the
polarisation curves). It is noteworthy that pittiogrrosion occurs in the presence of chloride
ions in some particular conditions but these casesl further investigations. The following

studies focus on the propagation of the corrodioough the brazed material.
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